We investigated the mechanism by which the cholesterol-binding compound amphotericin B methyl ester (AME) inhibits human immunodeficiency virus type 1 (HIV-1) particle production. We observed no significant effect of AME on Gag binding to the plasma membrane, Gag association with lipid rafts, or Gag multimerization, indicating that the mechanism of inhibition by AME is distinct from that by cholesterol depletion. Electron microscopy analysis indicated that AME significantly disrupts virion morphology. Interestingly, we found that AME does not inhibit the release of Vpu-defective HIV-1 or Vpu ؊ retroviruses such as murine leukemia virus and simian immunodeficiency virus. We demonstrated that the ability of Vpu to counter the activity of CD317/BST-2/tetherin is markedly reduced by AME. These results indicate that AME interferes with the anti-CD317/BST-2/tetherin function of Vpu.
Several studies have demonstrated that cholesterol-enriched plasma membrane microdomains known as lipid rafts (3, 9, 28) play important roles in the replication of a number of enveloped viruses, including human immunodeficiency virus type 1 (HIV-1) (22) . Lipid rafts appear to function in both virus entry and particle egress, and the HIV-1 lipid bilayer itself exhibits a raft-like lipid composition (2, 4) . We previously reported that cholesterol depletion interferes with HIV-1 particle production by impairing the association of Gag with membrane (21, 24) . Adding further support to the concept that membrane cholesterol plays an important role in HIV-1 biology, we recently demonstrated that the cholesterol-binding compound amphotericin B methyl ester (AME), a water-soluble, relatively noncytotoxic derivative of amphotericin B, potently inhibits HIV-1 replication (34) . The antiviral activity of AME is due to profoundly impaired viral infectivity, as well as defective virus particle production (34) . Interestingly, the passaging of HIV-1 in the presence of AME leads to viral escape from this compound; mutations that confer resistance map to the cytoplasmic tail of gp41 (34, 35) . This analysis revealed a novel mechanism of resistance whereby the gp41 mutations confer resistance to AME by creating PR cleavage sites in the gp41 cytoplasmic tail, leading to the truncation of gp41 after Env incorporation into virions (35) . While the resistant mutants overcome the entry defect imposed by AME, they remain sensitive to the AME-imposed disruption of particle assembly and release (34, 35) . In the present study, we investigated the mechanism by which AME inhibits HIV-1 assembly and release by evaluating the effect of this compound on the specific steps of the assembly and release pathway and the involvement of viral proteins other than Gag in the AME-imposed inhibition of particle production. AME inhibits HIV-1 particle production with no significant effect on Gag-membrane binding, raft association, or Gag multimerization. We previously demonstrated that AME inhibits HIV-1 replication in T-cell lines and primary cell types (34) . The inhibitory effect of AME on viral replication appeared to be due predominantly to a 50-to 100-fold reduction in viral infectivity. However, we also noted a significant (ϳ4-fold) impairment in HIV-1 particle production from infected Jurkat cells. To understand the mechanism by which AME inhibits virus release, in this study we first examined the effect of AME on particle production from HeLa cells following transfection with the full-length, infectious HIV-1 molecular clone pNL4-3. Transfected cells were metabolically radiolabeled, and cell-and virus-associated proteins were immunoprecipitated and quantified. The virus release efficiency was reduced in a concentration-dependent manner; treating virus-producing cells with 5 M AME reduced virus production by approximately threefold, whereas 10 M AME reduced virus production over fivefold compared with that in untreated controls (Fig. 1A) . Having established that AME treatment impairs HIV-1 particle production in multiple cell types, we next determined whether AME has any effect on Gag binding to membrane or on Gag association with detergent-resistant membrane (DRM), a commonly used biochemical surrogate for raft association. The steady-state distribution of Gag in membrane and DRM was monitored by immunoblotting. Virus-expressing HeLa cells were homogenized, divided into two aliquots, treated with or without a 0.25% final concentration of cold Triton X-100, and subjected to equilibrium flotation centrifugation on sucrose gra-dients as described previously (18, 19, 21, 25) . The distribution of Gag in membrane and DRM fractions was determined by immunoblotting. We observed no significant effect of AME treatment on the distribution of Gag in the total membrane preparation or DRM (data not shown). This finding was confirmed by analyzing Gag association with membrane and DRM following pulse-chase labeling. We detected ϳ36 and ϳ43% of Pr55
Gag in membrane fractions without and with AME treatment, respectively (Fig. 1B) . After cold-Triton X-100 treatment, ϳ25% of Pr55
Gag was associated with DRM without AME treatment and ϳ32% of Gag was DRM associated following treatment with 10 M AME (Fig. 1B) . These results indicate that the defect in virus release caused by AME is not due to the disrupted association of Gag with membrane or with DRM. This finding is in contrast to results obtained with cholesterol-depleting agents, which significantly impair Gagmembrane binding (24) . We also observed that AME treatment did not affect the distribution of the raft marker caveolin or the nonraft marker transferrin receptor in the membrane or DRM fractions (data not shown). To determine whether AME treatment of virus producer cells affects higher-order Gag multimerization, we used a cell-based assay that measures assembly-induced masking of epitopes recognized by anti-Gag antibodies (25) . As reported in our earlier study (25) , the effect of sample denaturation on immunoprecipitation efficiency provides a measure of higher-order Gag multimerization. Gag-expressing cells treated or not with AME were metabolically radiolabeled, and cell lysates were immunoprecipitated with or without prior denaturation. We observed that ϳ30% of membrane-bound Gag was epitope exposed and that AME treatment did not have a significant effect on this value (Fig. 1C) . Similarly, the degree of epitope exposure of DRM-associated Gag was not affected by AME treatment (Fig. 1C) . These data indicate that the higher-order multimerization of membrane-bound or DRM-associated Gag measured in this assay was not affected by the treatment of Gagexpressing cells with AME. We previously reported that the propagation of HIV-1 in the presence of AME leads to the emergence of AME-resistant variants (34) . The mutations responsible for AME resistance (gp41 mutations P203L and S205L) map to a region of the gp41 cytoplasmic tail close to the membrane-spanning domain. To determine whether AME-resistant mutants overcome the defect in particle production caused by AME, we measured the release of AME-resistant mutants in the presence and absence of AME. We observed that the release of the AMEresistant mutants was inhibited by AME to an extent similar to that of the wild type (WT) (Fig. 1D) . Thus, the mutations in gp41 that induce resistance to AME in the context of virus replication and single-cycle infectivity assays do not reverse the effects of AME on virus particle production. AME does not affect the subcellular localization of Gag but alters the morphology and density of released HIV-1 particles. Standard membrane flotation assays do not distinguish between Gag bound to the plasma membrane and Gag associated with intracellular membrane. To determine whether AME treatment affects the trafficking of Gag to the plasma membrane, we compared the localization patterns of Gag in AMEtreated and untreated cells by immunostaining. HeLa cells transiently transfected with pNL4-3 were treated overnight with AME, fixed, immunostained with anti-MA antibodies, and analyzed by fluorescence microscopy. Gag in cells either treated or not treated with AME displayed a predominantly punctate, plasma membrane localization pattern (data not shown), indicating that AME did not induce a major change in Gag trafficking.
Because AME treatment does not affect Gag binding to the plasma membrane or Gag multimerization, we examined whether this cholesterol-binding compound might disrupt virion budding from the cell surface. HeLa cells transfected with pNL4-3 were treated with 10 M AME or were left untreated and were subsequently fixed and examined by transmission electron microscopy. In both AME-treated and untreated cells, numerous released mature particles were observed, with no striking accumulation of immature particles at the plasma membrane FIG. 1. AME inhibits HIV-1 particle production with no significant effect on Gag binding to the plasma membrane, Gag association with lipid rafts, or Gag multimerization. (A) HeLa cells were transfected with pNL4-3 (1) and treated 6 h posttransfection with the indicated concentrations of AME for 20 to 24 h. One day posttransfection, cells were metabolically labeled for 2 h with [
35 S]Met-Cys, and labeled viral proteins in cell and virion lysates were immunoprecipitated with HIV Ig and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by fluorography (6) . The virus release efficiency was calculated as the amount of virion-associated p24 relative to total (cellplus virion-associated) Gag. (B) HeLa cells transfected with pNL4-3/ PR Ϫ (11) were treated (ϩ) or not treated (Ϫ) with 10 M AME and were pulse-labeled for 5 min and chased in unlabeled medium for 15 min. Postnuclear supernatants were incubated in the absence or presence of 0.25% Triton X-100 and subjected to membrane flotation centrifugation (18, 19, 21) . Gradient fractions were treated with radioimmunoprecipitation assay buffer, and the sets of membrane fractions (fractions 1 to 5) and DRM fractions (fractions 1 to 5) were each pooled. Labeled Pr55
Gag in each pooled fraction was recovered by immunoprecipitation after denaturation, and the amount of Gag present in membrane and DRM fractions compared to the total amount of Gag in all 10 fractions was determined. (C) HeLa cells transfected with pNL4-3/PR Ϫ were treated (ϩ) or not treated (Ϫ) with 10 M AME and subjected to the epitope exposure assay for higherorder Gag multimerization (25) . The percentages of Gag epitope exposure in membrane and DRM fractions were determined. (D) HeLa cells were transfected with pNL4-3 or the AME-resistant mutant (P203L and S205L) constructs (34) and treated (ϩ) or not (Ϫ) with 10 M AME, and the virus release efficiency was calculated as described in the legend to panel A. Data are means Ϯ standard deviations (SD; n ϭ 3 to 5). It has been reported previously that the lipid bilayers of HIV-1 virions are enriched with cholesterol relative to the host cell plasma membrane (2, 4), raising the possibility that, as a cholesterol-binding compound, AME may bind preferentially to the viral versus the cellular membrane. To address this issue, we examined the impact on virion morphology of treating purified virions with AME in vitro. Intriguingly, the morphology of AME-treated viral particles differed significantly from that of untreated virions, with severely distorted viral membranes observed among the treated particles ( Fig. 2A) . The extent of virion distortion was quantified by measuring the deviations from circularity of 100 treated and 100 untreated particles. This analysis was performed by drawing a circle around each virion and measuring the distance between the viral membrane and the periphery of the circle along the radius. Virions whose circularity deviated by more than 20% of the radius were scored as distorted. Approximately 80% of the AME-treated virions were classified as being distorted, whereas only 11% of untreated virions were distorted. To examine the density of virions treated with AME in vitro, we sedimented particles treated or not with AME on linear sucrose gradients. A marked increase in virion density in the AME-treated samples was observed (Fig. 2B) . The perturbation of virion morphology and density induced by AME treatment may be a major contributor to the previously reported infectivity defect imposed by this cholesterol-binding compound (34, 35) and is likely to result from direct binding of AME to cholesterol in the viral membrane.
The release of the Fyn(10)fullMA Gag chimera is inhibited by AME. We reported recently that the inhibition of virus release caused by cholesterol depletion is due to disrupted Gag-membrane binding and impaired higher-order Gag multimerization (24) . We observed that fusing the Fyn membrane-binding signal to the N terminus of Gag [yielding the chimera Fyn(10)fullMA] reverses the impact of cholesterol depletion on virus production. To determine whether the same effect is seen with the cholesterol-binding compound AME, we performed virus release assays with Fyn(10)fullMA in the presence or absence of AME. Interestingly, the release of Fyn(10)fullMA is reduced by AME to an extent similar to that of the WT (Fig. 3) . These results, together with the findings presented above that AME does not inhibit Gag-membrane binding or Gag multimerization, indicate that the mechanism by which AME inhibits HIV-1 particle production is distinct from the mechanism by which cholesterol-depleting agents disrupt virus assembly and release.
The inhibition of virus release by AME is Vpu dependent. The experiments described above were performed in the context of a full-length, infectious HIV-1 molecular clone encoding all HIV-1 proteins. To gain further insights into the mechanism by which AME inhibits HIV-1 particle production, we examined a potential role for viral proteins other than Gag in the ability of AME to disrupt the late stages of the viral replication cycle. We evaluated the effect of AME on the assembly and release of virus particles in the context of clones defective
FIG. 2. AME treatment distorts the morphology and increases the density of purified virions. (A) Virions collected from HeLa cells 24 h
posttransfection with pNL4-3 were treated (ϩ) or not (Ϫ) with AME for 2 h, pelleted by ultracentrifugation, fixed, and analyzed by electron microscopy. (B) HIV-1 virions purified as described in the legend to panel A and treated with the indicated concentrations of AME were layered onto 20 to 70% (wt/vol) linear sucrose density gradients and subjected to ultracentrifugation (12) . Ten fractions (Fr. 1 to 10) were collected from the top of the gradient and analyzed by Western blotting with HIV Ig .   FIG. 3 . The insertion of the membrane-targeting signal from c-Fyn does not diminish the ability of AME to disrupt virus particle production. HeLa cells transfected with pNL4-3, pNL4-3/Fyn (10) (10)fullMA was ϳ6-fold higher than that of the WT. The Vpu-defective Fyn(10)fullMA/delVpu mutant displayed an ϳ5-fold defect in particle production relative to Fyn(10)fullMA. Data are means Ϯ SD (n ϭ 4).
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on October 2, 2017 by guest http://jvi.asm.org/ in PR, Env, Nef, or Vpu. As shown in Fig. 4A , the effect of AME on the release of HIV-1 mutants defective in PR, Env, or Nef was comparable to that observed for the WT, indicating that the expression of these proteins is not required for the AME-imposed inhibition of particle production. In contrast, we observed that the mutation of Vpu largely abolished the ability of AME to interfere with HIV-1 assembly and release (Fig. 4B) . As reported previously (8, 13, 30, 31) , the deletion of Vpu reduces particle production ϳ10-fold (9.3% Ϯ 2.4% relative to the WT level). AME treatment at 5 M had no effect on the release of Vpu-defective HIV-1 and at 10 M caused a reduction in Vpu Ϫ particle release of only ϳ30%, compared to the 70% reduction observed for the WT at 10 M AME (Fig. 4B) .
To examine the possibility that the level of release of Vpudefective HIV-1 is so low that further reductions imposed by AME treatment are not detectable, we measured the effect of AME on the release of a late-domain-deficient (PTAP Ϫ ) p6 mutant (11) . The release of the PTAP Ϫ mutant was reduced by Ͼ10-fold (to 7.2% Ϯ 1.2% of the WT level), yet unlike the Vpu-defective mutant, this mutant showed a further reduction in release of ϳ4-fold as a result of AME treatment (Fig. 4C) . We also observed that AME treatment significantly impaired the production of a pNL4-3 derivative encoding mutations in the MA domain of Gag (29KE/31KE) (23) (Fig. 4C) . The 29KE/31KE mutant exhibits an ϳ4-fold defect in virus release efficiency due to the retargeting of Gag to multivesicular bodies (20, 23) . Thus, the inability of AME to potently inhibit the release of Vpu-defective HIV-1 is not due simply to the inefficient release of this mutant.
To confirm the requirement for Vpu expression in the ability of AME to inhibit particle production, we examined the effect of AME on the release of two retroviruses that do not encode Vpu: simian immunodeficiency virus SIVmac239 and murine leukemia virus (MLV). We observed that treatment with a 5 M concentration did not reduce SIVmac239 release and that 10 M AME reduced particle production by only ϳ20% (Fig.  4D) . Similarly, MLV release was affected only minimally by AME treatment (Fig. 4D) . These results are consistent with a connection between Vpu expression and the AME-imposed defect in virus particle production. To support the finding that Vpu deletion reverses the ability of AME to inhibit HIV-1 particle production, we constructed a Vpu-deficient variant of the Fyn(10)fullMA molecular clone [Fyn(10)fullMAdelVpu]. We observed that the release of the Fyn(10)fullMAdelVpu mutant was not significantly reduced by AME (Fig. 3) . These results again highlight that the inhibition of HIV-1 particle production by AME exhibits a clear Vpu dependence. AME inhibits the ability of Vpu to counter the host factor CD317/BST-2/tetherin. Two recent studies demonstrated that Vpu promotes virus release by counteracting the ability of CD317/BST-2/tetherin to retain HIV-1 virions at the cell surface (15, 32) . Because the data presented above provide evidence that the effect of AME on virus release is Vpu dependent, we tested whether AME might prevent Vpu from counteracting the virus-tethering activity of CD317/BST-2/ tetherin. To investigate the relationship between AME inhibition and the counteraction of CD317/BST-2/tetherin activity by Vpu, we analyzed virus release in the 293T cell line, which does not express appreciable levels of endogenous tetherin. First, we confirmed that CD317/BST-2/tetherin overexpression in 293T cells induced a strong (ϳ10-fold) inhibition of Vpu-defective HIV-1 release but had little effect on the release of WT HIV-1 (data not shown). We next tested the effect of AME on virus release in this context. We observed that in the presence of CD317/BST-2/tetherin overexpression, AME had no significant effect on the production of Vpu-defective particles (Fig.  5 ). This result recapitulates the lack of a major effect of AME on Vpu-defective virus release in HeLa cells, which constitutively express CD317/BST-2/tetherin. The coexpression of Vpu reversed the block in Vpu-defective virus release (Fig. 5) , consistent with the findings in previous reports (15, 32) . Interestingly, this Vpu-induced rescue of virus release was to a large extent inhibited by AME; in the context of Vpu-defective HIV-1 with exogenous Vpu and CD317/BST-2/tetherin expression, AME inhibited virus release by ϳ5-fold (Fig. 5) . These results suggest a model whereby AME inhibits HIV-1 particle production at least in part by interfering with the ability of Vpu to counter the virus-retaining function of CD317/BST-2/tetherin. The absence of an accumulation of mature virions tethered to the cell surface in AME-treated cells suggests that AME does not fully block Vpu function. In addition, we observed some reduction (ϳ2-fold) in particle release from (14) . Cells treated with the indicated concentrations of AME were metabolically labeled. Cell and viral lysates were immunoprecipitated with anti-SIVmac239 antiserum or goat anti-MLV Gag p30 antiserum (obtained from ViroMed Biosafety Laboratories, Camden, NJ), and the virus release efficiency was calculated as described in the legend to Fig. 1 . In panels A to C, virus release efficiencies for the WT and mutant molecular clones were each normalized to 100%. The release efficiencies of mutants compared to that of the WT (in percentages) were as follows: pNL4-3/PR Ϫ , 65 Ϯ 21; pNL4-3KFS, 184 Ϯ 108; pNL4-3/delNef, 120 Ϯ 38; pNL4-3delVpu, 9 Ϯ 2; pNL4-3/PTAP Ϫ , 7 Ϯ 1; and pNL4-3/MA 29KE/31KE, 28.0 Ϯ 11.0. In panel D, HIV-1, SIVmac239, and MLV release efficiencies were each normalized to 100%. Data are means Ϯ SD (n ϭ 3 to 5).
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NOTES 9779 pNL4-3-transfected 293T cells (data not shown), which are not Vpu responsive (15, 33) , suggesting that in this cell line AME may impose additional defects in particle production not directly related to CD317/BST-2/tetherin. In conclusion, in this report we evaluated the mechanism by which the cholesterol-binding compound AME disrupts HIV-1 particle production. Our biochemical analyses indicated that treating virus-producing cells with AME had no significant impact on Gag-membrane binding, DRM association, or higher-order Gag multimerization. Subcellular Gag localization was also not substantially affected by AME. However, AME treatment induced a shift in the density of membraneassociated Gag and caused distortions in the lipid bilayers of treated virions, suggesting that AME binding alters the properties of the viral membrane. Experiments designed to test whether the AME-induced disruption of virus release was linked to the expression of virally encoded proteins other than Gag revealed a requirement for Vpu expression in AME-imposed virus release inhibition. We speculate that AME binding may directly block the ion channel activity of Vpu (5, 27) or may indirectly alter Vpu function via cholesterol/membrane binding. We are currently investigating the cell surface localization and lipid raft association of CD317/BST-2/tetherin and the colocalization of this host factor and HIV-1 Gag in the presence of AME when Vpu is coexpressed. Given that Vpu plays an important role in lentiviral pathogenesis in vivo (10) , this accessory protein may represent a viable target for the development of antiretroviral agents.
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